Introduction
The cost effective production of energy with a wind turbine relies on the assumption that the high initial cost of building the wind turbine will be offset by low cost operation over a long life. The fatigue life of major components, such as the blades, must be adequate to allow production of enough energy to balance the initial investment. Oscillating stresses are inherent in vertical axis wind turbine (VAWT) operation, the two main causes being the blade cycling through up-wind and down-wind orientations, and the aerodynamic forces changing as the induced angle of attack of the blades changes. The magnitudes of these vibratory stresses in the blades can be reduced by analysis of the resonant modes and frequencies of the operating turbine and judicious design to keep the inherent periodic loads from exciting any resonance. However, the vibratory stresses can never be removed completely. The effect of these oscillating stresses on blade life must be assessed before a wind turbine can be labeled cost effective and projected to last for a specified amount of time.
The first step in predicting the fatigue life of a wind turbine blade is to locate the weakest parts of the blade either due to degraded fatigue properties (at weldments or mechanical fasteners) or high stress levels (where the energy producing loads are removed from the blades). Predicting the life of these critical areas requires sufficient data to:
A. Describe the fatigue life as a function of vibratory stress level.
B.
Describe the vibratory stress levels as a function of wind speed.
c.
Determine the wind speed distribution characteristic of the wind turbine site. [8, 14] , the primary concern here is with the characterization of the vibratory stress level distribution.
The Distribution of Vibratory Stresses
Many random processes have a Gaussian or Normal distribution about the mean. The distribution of peak values for a Gaussian process depends upon the frequency content. If a process is wide band Gaussian (composed of frequencies over a wide band of the spectrum) , the peaks will also be Gaussian. If it is narrow band Gaussian (composed of frequencies over a narrow band of the spectrum) , the peaks will have a Rayleigh distribution. Examples of wide and narrow band signals are shown in Figure 2 .
The mean stress level in VAWT blades is dominated by centrifugal and gravitational loads and is therefore a function of operating speed only. The frequency content of the stresses in VAWT blades has a lower bound of the rotational speed of the turbine and is otherwise limited to the first few harmonics of this fundamental frequency. The VAWT blade stress history is more nearly narrow band than wide band, although it is not likely to ever be perfectly narrow band. The more narrow band the stress signal, the more closely the peaks of a Gaussian signal will approach a Rayleigh distribution.
In order to apply this peak distribution to fatigue analysis, a closer look must be taken at determining what stress events provide a good measure of fatigue damage. The stress excursions between adjacent peaks and valleys may be a better measure than peak stresses. A comparative study of cycle counting methods by Fritz [7] indicates that the most promising method is one that accounts for stress ranges between peaks and valleys, as well as the mean of each stress excursion. For a narrow band process as in Figure 2 , the distribution of peaks and excursions are roughly equivalent because each peak is followed by a valley of about equal magnitude producing an excursion equal to twice the peak. With a wide band process this equivalence does not exist.
Therefore, the peak distribution is a useful measure of fatigue damage for a narrow band Gaussian process, but not for a wide band process. For VAWT blades where the stress is close to, but not exactly, narrow band the peak-excursion relationship is not obvious.
The distribution of vibratory stresses was determined using
short ( The probability that vibratory stresses exceed a value SO is:
Each 'quick look' vibratory stress plotted in Figure 1 is the largest amplitude cycle observed in five seconds. With a dominant frequency of 2.5 Hz, each data point in Figure 1 represents a 1 in 12.5 occurrence, E(SO) = 0.08. The RMS of the stress signal from some 30-40 second records are plotted vs. wind speed as x's in Figure 7 ; the dashed line is a rough best fit to this RMS data. Using equation (4) In the limiting case where A -+-oand k +~, equation [7] becomes:
When nt equals the number of cycles to failure (nf), D = 1 and the above expression reduces to:
Thus, given appropriate S-N data and the probability density function of the vibratory stresses, the number of cycles to failure can be computed. This probability density function is based upon a single stress RMS value and is, therefore, only applicable to a single windspeed. The prediction of the number of cycles to failure by equation (9) would apply to steady operation of a wind turbine at a constant wind speed. The total blade life will depend on the relative length of time the wind turbine is operating at each particular wind speed.
To account for changing wind speeds, Miner's Rule can be The wind speed distribution may also be described by a probability density function, Q(V), where V is the wind speed.
Assuming a constant rate of cycle accumulation over all wind speeds, the expression for nwi within~A of the wind speed V is:
The RMS stress level may also be written as a function of wind speed. This will make the probability density function for vibratory stress a function of both vibratory stress level and wind speed, P(S,V) . Since Nwi in equation (10) is nf in equation (9), this expression for nf can be substituted into equation (10). Equation (11) 
Herer nf is the total number of cycles to failure under all wind speeds encountered at the wind turbine site. Equation (13) includes the stresses induced by all wind speeds in a single expression. This would be appropriate for a turbine operating at all times, and in all wind speeds.
However, the wind turbine will be operating only in wind speeds between cut-in and cut-out, and will be parked in winds below cut-in and above cut-out. The difference in stress 1 levels between parked and operating turbines is significant. A second probability density function for stresses while parked, PP(S, V) , must be introduced. The integral must be split into three wind regimes:
where:
v IN = the turbine cut-in wind speed 'OUT = the turbine cut-out wind speed PP(S,V) = the probability density function of vibratory stresses while the turbine is parked.
Since the stress levels are substantially lower when the turbine is not operating the first term in equation (14), which accounts for the fatigue damage done while the turbine is parked in winds below cut-in, will almost always be negligible. The same may often be true of the damage while pazked in high winds, as expressed in the third term in equation (14). If damage is only accumulated while the turbine is operating, both sides of equation (14) The left sides of equations (15) and (16) varying RMS values of stress and "average" zero-crossing frequency. The conclusion was that for Gaussian random excitation -"For a given RMS Stress level and a given 'average' frequency (number of zero crossings per second) the most dangerous loading case seems to be that which produces a Rayleigh distribution of stress-response reversals (single resonance response) ."
This implies that if the RMS and zero crossing "average" frequency are known, the conservative approach would be to assume that there is a Rayleigh distribution of vibratory stresses characterized by the RMS stress level.
It should be noted that when using equations (15) or (18), the wind turbine is assumed to be operating whenever the winds are between cut-in and cut-out wind speeds, and not operating at all other times. There is likely to be a grey zone of at least 2.5 m/s (5 mph) around the cut-out wind speed where the turbine will be operating at times and parked at times. Since the stress levels go up drastically with wind speed, operation in this wind speed zone around cut-out is likely to account for a significant amount of fatigue life. The algorithm used to control high wind shut-down and start-up will decide the relative amount of time operating near cut-out, and is therefore an important factor in the fatigue life of wind turbine blades. Use of equation (15) or (18) With all the vibratory stress levels described, a cumulative damage rule must be employed to account for the relative amounts of damage done by these stresses. Miner's
Rule is the damage rule used most often mainly because of its simplicty and ease of implementation. There is, however, general disagreement on the accuracy of Miner's Rule. The fact that it does not account for the sequence of load applications appears to be less important i.nrandom loading than in block loading.
[14] Since VAWT ioading is random, Miner's Rule is used as the cumulative damage rule, and the emphasis is placed on carefully defining the stress history of the blades.
Combining the Rayleigh distribution with the S-N data using
Miner's Rule results in an expression for the number of opeating cycles to failure at each wind speed. Implementing the cumulative damage rule again to account for the wind speed distribution provides a method of predicting the total wind turbine life for a given wind site and given cut-in and cut-out wind speeds. This method assumes operation whenever the winds are between cut-in and cut-out and no operation when the winds are not. In reality, the high wind cut-out algorithm will have a large effect on the amount of operating time that a turbine will see at wind speeds near cut-out, and therefore will have a significant effect on blade life.
Another assumption in this approach is that the stress cycle rate remains constant during operation over the entire range of wind speeds. For a constant RPM machine this will usually be true although it is quite possible that the modes of vibration will be excited at different levels in different wind speeds. A variable RPM machine will definitely not have a constant stress cycle rate. In that case, a solution for the time to failure [as in equation (15)] will not simply multiply the damage integral by the dominant frequency, but will require an expression for the frequency as a function of wind speed included inside the integral.
A great deal of emphasis has been placed on the use of the Rayleigh distribution of vibratory stresses. Because the Rayleigh distribution of peaks is present in Gaussian narrow band processes, it is a very common distribution. It is easy to work with because it is a single parameter distribution (RMS) and therefore simple to describe. The Rayleigh distribution has been emphasized here mostly because it describes the vibratory stresses for the DOE/ALCOA Low Cost 17m very well. However, the expressions presented here for elapsed time to failure of wind turbine blades do not require that the probability density function of vibratory stress be Rayleigh.
Any probability density function for stress, P(S), as well as for wind speed, Q(V), can be used.
Future Work ----..-..-To implement this method of fatigue analysis, the RMS stress level must be determined as a function of wind speed. Comparative studies of cut-out algorithms using computer simulations of a wind turbine automatic controller in an actual wind environment are continuing. Because both the power output and the rate of fatigue damage are highest at the cut-out wind speed, the control algorithm will have a significant effect on the cost effectiveness of the VAWT. 
